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ABSTRACT
The energy consumption per capita per year throughout the world is increasing. The
scientists and engineers throughout the world are focusing more attention to develop
potential methods that would use waste heat. A significant amount of thermal
o o
resources are available in the form of low temperature (between 60 C and 99 C)
industrial waste heat, approximately 500 trillion kJ per year is known to be wasted
every year. This waste heat could be used to drive absorption chillers.
In order to utilize that waste heat, a new chiller generator consisting of dual chambers
called "dual chamber vortex
generator"
has been designed and manufactured. As a
proof of concept, a test stand was constructed for testing the performance of the
vortex generator for possible use in absorption refrigeration systems.
The experimental result and the analysis showed that the vortex generator could create
a strong enough vortex and produce water evaporation in the generator. In some cases,
the COP of the vortex generator system can reach 0.8 using a low temperature (60-90
C) heat resource. This number is higher than the COP of conventional absorption
chiller, which is typically around 0.7.
Also, According to exergy efficency analysis presented here, it is more
thermodynamically efficicent if the absorption systems are operated using low-grade
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The objective of this project is to verify the feasibility of a Dual Chamber Vortex Generator
(DCVG) for an absorption refrigeration system. Specifically, the objectives are:
To demonstrate, through experiment and data analysis: 1) the accumulation of the
refrigerant vapor in the DCVG. 2) The cooling effect for refrigeration systems with DCVG;
3) the feasibility ofproduction model development.
The First and the Second Law of thermodynamics analysis are applied to prove the
feasibility of DCVG in an absorption refrigeration system. Energy Efficiency (COP),
Exergy Efficiency (COPex) will be used to evaluate the DCVG system.
It is expected that DCVG will have significant advantages, as compared to a conventional
generator using low temperature heat
resources.
1.2 BACKGROUND
Absorption refrigeration technology came into use about 150 years ago and is a
well-
developed technology. The technology is widely used in many fields. The following
examples provide an overview for some of the application areas.
Use of low-temperature heat, such as waste heat or district heating.
Integrated systems such as heating/cooling cogeneration, e.g., for a sports center
with swimming pool, sauna, ice-rink, air conditioned gyms and sports halls.
Peak compensation for air-conditioning systems.
The lower-temperature application areas would be expected to show the benefits of the
absorption system; the reality is however different. Most absorption chillers are either
gas-
fired or heated with the high temperature water or steam. The heat sources from
approximately 99C and above have been proven practical. However, Figure 1.1 [1] shows
that a significant amount of thermal resource is wasted every year. The data shows that
there are 562 trillion kJ per annum thermal resources available at slightly lower
temperatures between the 60 C and 99C, which can be used to power the absorption
chillers. Over 60% (337 trillion kJ) of this heat energy is available in hot liquid, from the
low pressure boiling or sub-boiling industrial waste heat. This vast reservoir of wasted low
quality energy represents an opportunity for the energy conservation. If only 5% of this is
used for the practical waste heat powered chillers, in the amount of 16.9 trillion kJ, this
would avoid dumping vast quantities of C02, NOx, SOx, and soot into the atmosphere.
o g
This 5% would conserve about 3.72 x 10 kg (1.06 x 10 gallons) of fuel per year. The
conventional absorption heat pumps can be adjusted to use the lower temperature in the
generator. However, this results in a
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Figure 1.1 Availability of waste heat
A dual-chamber vortex generator (shown in Figure1.4) lowers the generator pressure
because of the conservation of rotational momentum and permits an absorption chiller to
function, with improved capacity and with relatively lower temperature sources of waste
heat.
1.3 ABSORPTIONREFRIGERATION CYCLE
The absorption cycle is a process by which the refrigeration effect is produced through the
use of a solution with two species and high quality of the heat input, rather than through
electrical input (as in the more familiar vapor compression cycle). Both the vapor
compression and absorption refrigeration cycles accomplish the removal of heat through the
evaporation of a refrigerant at a low pressure and the rejection of heat through a
condensation of the refrigerant at a higher pressure. The method of creating the pressure
differential and circulating the refrigerant is the primary difference between the two cycles.
The vapor compression cycle employs a mechanical compressor to create the pressure
differences necessary to circulate the refrigerant. In the absorption system, a secondary
fluid or absorbent is used to circulate the refrigerant. Because the temperature requirements
for the cycle fall into the low-to-moderate temperature range, and because there is
significant potential for electrical energy savings, the absorption cycle would seem to be a
good prospect for waste heat, solar and geothermal application.
Absorption machines are commercially available today in two basic configurations. For
applications above 0C (chiller), the cycle uses lithium bromide as the absorbent and water
as the refrigerant. For applications below 0 C (freezer), an ammonia/water cycle is
employed with ammonia as the refrigerant and water as the absorbent.
Absorption chillers are available in two types:
1 . Single Effect (Stage) Units using low-pressure steam or high temperature water as
the driving force. These units typically have a COP of 0.7 and require about 18pph
per ton of 9 psig steam at the generator flange (after control valve) at ARI standard
rating conditions.
2. Double Effect Units are available as gas-fired (either direct gas firing, or hot exhaust
gas from a gas-turbine or engine) or steam-driven with high-pressure steam (40 to
140 psig). Double effect units typically have a COP of 1.0 to 1.2. Steam driven units
require about 9 to 10 pph per ton of 114 psig input steam at ARI standard rating
conditions. Gas-fired units require an input of about 2.93 to 3.51 kW per ton of
cooling at ARI standard rating conditions. To achieve this improved performance the























Figure 1.2 Diagram of commercial single effect chiller
Figure 1.2 shows a diagram of a typical single-stage LiBr-H20 machine (LiBr-H20). The
process occurs in two shells. The upper shell contains the generator and condensate, the
lower shell, the absorber and evaporator.
Heat supplied in the generator is added to a solution of LiBr-H20. This heat causes the
refrigerant, in this case water, to be boiled out of the solution in a distillation process. The
water vapor passes into the condenser where a cooling medium is used to condense the
vapor back to a liquid state. The water then flows down to the evaporator where it passes
over tubes containing the fluid to be cooled. By maintaining a very low pressure in the
absorber-evaporator shell, the water boils at a very low temperature (90C -120C).
This boiling causes the water to absorb heat from the medium to be cooled, thus, lowering
its temperature. Evaporated water then passes into a solution that is very low in water
content. This strong solution (rich in LiBr) tends to absorb the vapor from the evaporator to
form a weak solution. This absorption process gives the cycle its name. The weak solution
is then pumped to the generator section to repeat the cycle.
As shown in Figure 1.2, there are three fluid circuits have external connections:
a) generator heat input, b) cooling water, and c) chilled water. Associated with each of these
circuits is a specific temperature at which the machines are rated. For single-stage units,
these temperatures are: 12 psi steam (or equivalent hot water) entering the generator, 29.4
C cooling water, and 6.66 C leaving chilled water [2]. Under these conditions, a
coefficient of performance (COP) of approximately 0.65 to 0.70 could be expected [2]. The
COP can be thought of as a type of index of machine efficiency. It is calculated by dividing
the cooling output by the required heat input. For example, a 500-ton absorption chiller
operating at a COP of 0.70 would require: 2512
kW heat input (neglecting the work input to
the pump). This heat input suggests a flow of 4101 kg/h of 82.73kPa steam, or 1,008 GPM
of 1 15C water with a 8.3C temperature difference. Two-stage machines with significantly
higher COPs are available. However, temperature requirement for these is well into the
power generation temperature range (around 176.6C). As a result, two-stage machines
would probably not be applied to lower temperature heat source applications.
1.4 DESCRIPTION OF DUAL CHAMBER VORTEX GENERATOR















Figure 1.3. Schematic of the vortex generator
The vortex generator consists of two chambers, the lower chamber and upper chamber. The
lower chamber is a cylinder with central tangential inlet, a tangential outlet at the bottom of
the chamber, a center outlet on the bottom of the chamber and a central outlet at the top of
the chamber that connects with the upper chamber. The upper chamber has a central inlet at
the bottom and two outlets at the side. The heated strong solution with
LiBr- H20
concentration 50 wt% - 44 wt% enters the lower chamber tangentially. Due to the rotating
flow in lower chamber, the pressure is reduced toward the central portion of the lower
chamber. Because of the pressure drop on the solution interface, the heated refrigerant-rich
solution gives up some of the refrigerant as vapor.
The refrigerant vapor will flow out of the swirling mixture toward the center and upward.
The vapor will then flow through the central top outlet and out of the lower chamber into
the upper chamber. The refrigerant-depleted solution in the lower chamber flows outward
through the bottom outlet and flows to the mixer.
The overall goal is to replace the conventional generator in an Absorption Refrigeration
Cycles by the Vortex Chamber generator. The goal of the Vortex Chamber is to obtain 10
wt% of the incoming solution as refrigerant vapor. This predication is reported by Fineblum
in his "Feasibility Analysis of a Vortex Generator for Absorption Heat Pumps"[3]. The
vortex chamber utilizes the kinetic energy of the incoming LiBr-H20 solution to convert
some of the refrigerant into water vapor. Therefore, it will require less energy from an
external source to generate the same amount of vapor than in conventional generators.
1.5 VORTEX FLOW THEORY
The formation of a vortex core during the emptying process of a tube, sink, or a funnel is a
common sight to everyone. The reasons for the formation of such a core are not so familiar,
and, in fact, the analysis for such a common occurrence is a classic case of a free-boundary
problem.
The flow inside a cylinder is a three dimensional swirling flow describable in cylinder
geometry. The flow is a Rankine's vortex, that is, a combination of two vortices: (a) a forced
vortex, or body rigid rotation, where the tangential velocity Ve is proportional to the radius r
(Ve=kir); and (b) a free vortex or potential vortex, where the tangential velocity is inversely
proportional to the radius (Ve=k2/r). Figure 1.4 illustrates a forced vortex flow. Figure 1.5
shows a free vortex flow.
Forced Vortex
Rotational Flow
Figure 1.4. Force vortex flow.
Free Vortex
Irrotahonal Flow
Figurel.5. Free vortex flow.
Isothermal tangential velocity distribution can be described as a Rankine's combined vortex
model. As shown in Figurel.6, the flow is a forced vortex flow in the center portion of the
chamber, and once the radius passes a critical point, the flow becomes a free vortex. The






















Figure 1.6. Tangential velocity and radial pressure distribution
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Because during the literature research, there is no research work has been done for the
vortex flow in the cylindrical chamber, the result used here is coming from the cyclone
research. The result in not exactly valid for the cylindrical chamber, however, the natural of
the problem is the same; so the basic relationship should be valid.
The tangential velocity distribution in the chamber can be described as:
Vt =Constantxr 0<r<a (1.1)
V, x
r"
= Constant a < r < D/2 (1.2)
D is the diameter of cyclone body. The value of the vortex exponent n has been the subject
of much investigation, since it has a great effect on pressure drop for the cyclone. The
exponent n is a measure of the conservation of angular momentum and, in an ideal free
vortex with zero viscosity and no frictional effect, n is equal to 1. It has been found
experimentally to be between 0.5 and 0.9 by Leith, D and W. Licht [4] in their cyclone
collection efficiency research. Alexander [5] has presented an empirical expression for n
as:
n= 1 [(10.67 D-14)(T/283)a3] (1.3)
where T [K] is the temperature in a cyclone with diameter D [m]. The radial position a
(shown in Figure1.6) of the maximum tangential velocity can be found somewhere at about
half point of the chamber outlet pipe radius depending on the gas flow rate and cyclone
geometry. The maximum tangential velocities may be several times the average inlet gas
velocity [6] and is normally found to be between 1.5 and 2.5 times the inlet velocity
In the vortex chamber, a forced vortex flow and a free vortex flow are presented. In the
vortex located very close to the vortex chamber center, this
is the forced vortex flow region.
From the critical radius up to the wall, the flow is a free vortex flow.
n
RADIAL PRESSURE DROP
As shown in the Figure 1






Figure 1.7 Element of fluid in a rotating body
The net pressure drop Pr+dr
*P,J
P+dr\(rd(p + drd(p)-prdq> balances the centrifugal
or 'J








Neglecting second order terms, this becomes
=
or r
Integrating the above equation over Ro and Re and using the relationship
VRn
=C (constant)




















This equation is applicable only in situations of steady state and inviscid flows. However
LiBr-H20 solution is a very viscous solution; therefore, using the above equation to
calculate the pressure drop in the vortex- assisted generator will not give accurate results. To
get a more accurate value for the pressure drop toward the center in the generator, the
combined model of forced and free vortex must be investigated. (This discussion will be
limited however, due to the complex nature of the problem and the lack of any exhaustive
experimental information at the moment.)
CHAMBER PRESSURE DROP
The following discussions regarding pressure drop calculation are based on Christian
Fredriksson's doctoral thesis, which is an experimental and theoretical study of cyclones [7].
Because of the difference of the geometry, the pressure drop equation cannot be used to
calculate the pressure drop in our generator. However, the results do yield some ideas as to
the nature of the flow inside the generator. The pressure drop can be defined as the
difference at the inlet and outlet. Normally it is the static pressure difference that is
measured which is a reasonable assumption if the area of the inlet and outlet are similar.
The total pressure drop over a cyclone consists of losses at the inlet, outlet and within the
cyclone body. The main part of the pressure drop, i.e. about 80%, is considered to be
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pressure losses inside the cyclone due to the energy dissipation by the viscous stress of the
turbulent rotational flow [8]. The remaining 20% of the pressure drop are caused by
contraction of the fluid flow at the outlet, expansion at the inlet and by the fluid friction on
the cyclone wall surface. From Equation1.4, we can see that when the inlet velocity
increases, the pressure drop will increase, which will improve the evaporation. In chapter 3
details of this effect are discussed while analyses the testing result.
A general empirical equation of the pressure drop over the cyclone APC has been defined as
[8]:
4Pc=-/>-y (1.5)
where vi is the mean inlet velocity at the inlet pipe; is the pressure drop coefficient and is
defined as:
=* (1.6)
X and z are functions of the cyclone geometry. A; and De are the inlet pipe area and outlet
pipe diameter respectively. The calculation of has been completely described by Ogawa.
Several derivations of based on different experiments have been presented [8]. For






where a is the cyclone inlet width and b cyclone inlet height. De is the diameter of outlet
pipe.
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This expression might not be suitable for calculating the pressure drop in the vortex
generator used in the test because of the different geometry. However, it does give some






In order to test the performance of the Dual Vortex Chamber Generator, an
experimental setup was designed and constructed as shown in Figure 2.1.
The system includes three loops: the solution loop, heating water loop and cooling
water loop.
Because the LiBr-H20 solution is a very corrosive liquid, all pipes and connections
used in the solution loop are made of stainless steel.
In order to keep the system operating under a vacuum, all the connections between
the components use the swage-lock or thread connection. It was showed that these
connectors are good for vacuum systems and easier to install and separate. In
addition, this is a very convenient arrangement for modifying and cleaning the
system. Copper tubes are used in the water loop to prevent the rust from blocking the
plate heat exchanger. PVC pipes are used in the cooling water loop.
All the tubes and components were covered with insulation materials.
16
A. Vortex Generator I. Cold Trap Point Data Type
B. Economizer J. Vacuum Pump 1, 2, 3 & 8 Temp. & Pressure
C. Condenser K. Control Box 4 Pressure
D. Mixer 5,6&9 Temperature
E. Heat exchanger 7,10 Flow Rate
F. Primary Pump 11 Power
Figure 2.1 Diagram of system component
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Main components in the system include a dual vortex chamber generator, a mixer,
three plate heat exchangers (the condensate, solution heat exchanger, and heat
rejecter) and two electric water heaters. All the components are shown in Figure 2.1.
There is no evaporator in this system, unlike in a real absorption system. Also instead
of an absorber, the system has only a mixer. Because the goal of this work is to verify
the effect of the vortex generator, it is unnecessary to build the evaporator in the
system, and it will not affect our analysis of the vortex generator. Because there is no
evaporator, the refrigerant (water) is still in the liquid form when entering the mixer,
in which the mixing of the water and strong solution is sufficient. The weak solution
coming from the solution pump (LiBr-H20 50 wt %) is heated by the heat exchanger
using high temperature water. Then the solution enters the lower part of generator,
and the water evaporates in the generator. Then the vapor enters the condenser
through the upper chamber. The water vapor is condensed into liquid and goes into
mixer, where it mixes with strong solution coming from the generator. The cycle is
repeated.
The following devices are used in the LiBr-H20 solution loop.
Allen-Bradley 1305-AA08A AC variable speed drive is used to control the solution
pump. The picture of the drive is shown as below:
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Figure 2.2 Picture ofAC variable drive
The function of the AC variable drive is to control the frequency of the motor to
adjust the flow rate of LiBr-H20 solution. 1305 AC variable speed drive's
configurations are listed in the table in AppendixA.
The drive has current, voltage and output display. The pump output is read from the
drive directly.
Two electrical heaters are used to heat water. The heaters configurations are listed in
the table below:










Eemax EX55T 5,500 W 180 150
Electronic
Block
A1-12A-240 12,000 W 230 30
The capacity of the heater is 17.5 kW. Because the solution flow is tested at
relatively low flow rate, the inline circulation heater (12kW) is enough to supply all
the heat that system needed. The thermostat can control the outlet temperature of
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heater outlet temperature within 5 C. As a consequence, the solution temperature
of generator inlet can be controlled approximately around the desired temperature.
In the solution loop, one Gear Pump offered by LIQUTDFLO EQUIPMENT CO. was
used as the solution pump. Considering the property of LiBr-H20, the pump uses 316
SS housing material, 316 SS Drive Gear, Tungsten carbide coated 316SS shafts.
Pump's configurations are as follows:










BALDOR H5FS 1 1725 60 78.5%
A Positive Displacement 3 Chambers Diaphragm Pump is used for water loop.
Pump's configurations are given in the table below:











SHURFLO 2088-394-144 30 170 3.0
All Pump's performance curves are attached in theAppendix B.
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2.2 GENERATOR
According to the CFD analysis that has been done in the Masters Thesis of Amilcar
R. Arvelo Ramos (Computational Flow Analysis of a Dual Chamber Vortex Generator
for an Absorption Refrigeration System[9]), the generator was designed and built as
according to the following geometry. Arvelo used CFD software to investigate how
the different geometry affects the pressure distribution in the generator.
As shown in the diagram below, the generator is a cylinder with Aspect Ratio
(Diameter/Height) of 1, which offers the biggest free surface area among the cases
studied in [9]. Inlet is located in the middle of vortex chamber.














Figure 2.3 Drawing of generator
21
As shown in the drawing, there are two outlets in the lower chamber, one is located
on the center of bottom, and the other is a tangential outlet located on the lowest side
of chamber.
Figure 2.4 shows the lower part of generator, the generator is made of stainless steel.
The facing hole is the center outlet on the generator bottom. The flange connects the
lower part and upper part of the generator. An o-ring is put between the flanges so





Figure 2.4 Lower part of generator
Solution Outlet
Figure 2.4 shows the nozzle that is used in the generator. It is also shown in the
generator drawing in Figure2.2.
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Figure 2.5 Nozzles used in generator
The weak LiBr-H20 (57.5 wt %) solution enters the chamber from the tangential inlet
that is located in the middle of the chamber; the swirling flow is created inside the
vortex chamber.
Because of the pressure reduction, the refrigerant-rich solution gives up some
refrigerant (water) as vapor. Refrigerant is vaporized under lower pressure in the void
region. The refrigerant vapor flows out of the swirling mixture toward the center and
upward into the upper chamber, toward the condenser. After evaporation, the strong
solution (63 wt %) comes out from the outlets on the bottom of generator (we only
use the outlet on the bottom during the test). Then it is conveyed to the mixer.
The upper chamber is a cylinder chamber with two outlets on the upper side, as show
in Figure 1.4. As the swirling vapor is decelerated, the vapor pressure increases in
the upper chamber. To prevent LiBr-H20 solution spray into the upper chamber and
flow into the condenser with vapor, we put a tempered borosilicate glass circle with a
23
2-1/4"
hole in center between lower and upper chamber. We also put a sign glass on
the top of the upper chamber for observing.
2.3MIXER
In the absorber of conventional absorption chiller, the LiBr-H20 solution is sprayed
over horizontal tubes cooled by the water flow inside. This absorbs the water vapor
from the evaporator continuously and flows into a thin film around the tubes. Then it
is collected in the bottom of the lower shell. In our testing system, because there is no
evaporator in our system, the weak solution mixed with the condensed water directly.
instead of absorbing water vapor.












6. STRONG SOLUTION INLET
7. PLASTICMIXER
8. VACUUM PORT
Figure 2.6 Drawing ofmixer
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As shown in Figure 2.5, three concentric tubes made up the mixer. The LiBr-H20
solution and the condensed water will go through three passes, up and down twice in
the mixer as the arrows show in the figure. This makes the path longer and will
improve the mixing process. In addition, in order to make the solution and water fully
mixed, we put static plastic mixer inside the third tube.
There are three ports on the top of mixer: the condensed water inlet, the weak solution




Three Alfa Laval plate heat exchangers were used in the system.
Heat exchanger CB76-LREF is used as condenser. The design calculation is as
follows:
Table 2.4 Design Data ofCondensate Heat Exchanger
Hot Side Cold Side
Fluid Steam Water
Mass flow rate kg/s 0.01525 1.105
Inlet temperature C 33.0 20
Outlet temperature c 33.0 28.0




Specific heat capacity kJ/(kg*K) 1.87 4.19
Thermal conductivity W/(m*K) 0.0192 0.612
Viscosity inlet cP (centipose) 0.00950 0.836
Viscosity outlet cP (centipose) 0.00944 1.01





Rel. direction of fluid Concurrent
Number of plate 70
Number of passes 1
Plate material AISI316
Sealing material Copper Copper
Connection material F22 F22
Connection diameter mm 53 53
Design pressure barg 20.0 20.0
Design temperature C 225.0
Heat exchanger NB26-REF is used for heating solution. This exchanger was
originally designed as an economizer. Considering the corrosion of LiBr-H2Q
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solution, we use NICKEL heater exchanger. The design calculation is shown in the
table below:
Table 2.5 Design Data ofHeat Exchangei in Solution Heating Loop
Hot Side Cold Side
Fluid LiBr 57% LiBr 57%
Mass flow rate kg/s 0.2006 0.2500
Inlet temperature C 76.9 35.2
Outlet temperature c 45.9 60.1




Specific heat capacity kJ/(kg*K) 2.0 2.0
Thermal conductivity W/(m*K) 0.449 0.439
Viscosity inlet cP 2.28 2.91
Viscosity outlet cP 3.67 4.47
Heat exchanged kW 12.44
L.M.T.D K 13.6
Heat transfer area m 0.9
Rel. direction of fluid Concurrent
Number of plate 34
Number of passes 1
Plate material AISI316
Sealing material NICKEL NICKEL
Connectionmaterial 316SS 316SS
Connection diameter mm 24 24
Design pressure barg 16.0 16.0
Design temperature C 225.0
When we use this heat exchanger to heat the solution, the hot side will be hot water
instead of solution and the temperature is higher than the value used in the table. The
heat exchanger could deliver more heat to heat the solution to reach higher
temperature.
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Using equations below, we can estimate the heat transfer rate we needed to heat the





where m is mass flow rate of solution, Cp is specific heat of solution, p is the density
of solution,AT is the temperature difference of solution at inlet and outlet of heat
exchanger, V is the volume flow rate of solution.
Assume the solution inlet temperature is 20C; the outlet temperature is 90 C, the
solution flow rate is 30GPH (the highest flow rate tested in first phase). Specific heat
and density of solution are estimated at 20C.
We calculate the heat transfer rate at 7.3kW, which is far less than the heat exchanger
design value 12.44kW During the experiments, the solution temperature can reach 90
C at a solution flow rate of 30 GPH. Heat exchanger NB 14-HVC is used to reject the
heat from the solution out of the mixer and lower the inlet temperature of solution
pump so that it can avoid the cavitations that might occur at the solution pump inlet.
The design calculation of the heat exchanger is shown in Table 2.6.
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Table 2.6 Design Data ofHeat Exchanger for Heat Reject
Hot Side Cold Side
Fluid LiBr 57% water
Mass flow rate kg/s 0.2500 0.2510
Inlet temperature C 56.3 20
Outlet temperature C 35.2 30.0




Specific heat capacity kJ/(kg*K) 2.0 4.19
Thermal conductivity W/(m*K) 0.437 0.609
Viscosity inlet cP 3.09 0.801
Viscosity outlet cP 4.46 1.01





Rel. direction of fluid Concurrent
Number ofplate 14
Number of passes 1
Plate material AISI 316
Sealing material NICKEL NICKEL
Connection material 316SS 316SS
Connection diameter mm 16 16
Design pressure barg 16.0 16.0
Design temperature UC 225.0
Note: In SI units the theoretical unit is the Poise. The poise is simply the c.g.s. unit of
absolute viscosity and is defined as: gm / (cm-sec)
As these units are large, it is more usual to divide them by 100, to give a smaller unit






To analyze the system, the temperature, pressure and flow rate at every point shown




























































Figure 2.7 Diagram of system setup
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Thermocouples to measure the temperatures in the














Figure 2.8 Picture of
"Cement-On's"
thermocouple
Because the system requires operating under a vacuum, the thermocouples were
boned to the surface of the tube or chamber using OB Epoxy Adhesives 100 to
measure the temperatures of the liquid in the tube and chamber. This guarantees the
vacuum. The drawback is that the measured temperature is not very accurate insofar
as the solution temperature profile in the tube is not uniform.
"Cement-On's"
are made from 30 gauge diameter thermocouple wire. The
thermocouple is bead welded and embedded between two layers of paper-thin
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polyimide film, this film is rated up to 370C. The insulation lead wire is silicone
impregnated glass braid. The silicone impregnation provides abrasion resistance, but
is destroyed at approximately 205C. The glass braid provides electrical insulation to
480C
Table 2.7 lists the maximum working temperatures of the thermocouples.
Table 2.7Maximum Temperatures for Different Thermocouples.
Style Thermocouple Type Maximum TemperatureC Catalog
Number
Continuous 600hr lOhr
? J Iron-Constantan 260 315 370 C03-J
K Chromega-Alomega 260 315 370 C03-K
E Chromega-Constantan 260 316 370 C03-E
T Copper-Constantan 205 260 370 C03-T
T Copper-Constantan thermocouples were used in the system.
For pressure measuring, we used different pressure transducers at the different point
according to the pressure range.
Three WIKA pressure transducers S-10 891-13.500 shown in Figure2.9 were used to
measure the vacuum pressure in the system.
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Figure 2.9 Picture of pressure transducer (S-10 891-13.500)
The specifications of the pressure transducer are as below:
Table 2.8 Specification ofpressure transducer
Specifications Units Type S-10
Sensing principle piezoresistive up to 300 PSI, thin film > 400
PSI
Pressure ranges PSI standard ranges as listed {custom ranges
available}
Pressure reference relative pressure {absolute reference to 500
PSIA}
Pressure connection
for ranges < 15,000 PSI:
1/2"
NPT male; (1/4"NPT male, G1/2B,
G1/4B)
{SAE #4 (7/16-20 UNF) male O-ring boss for
ranges > 400 PSI}
for ranges > 15,000 PSI: F-250-C autoclave (9/16-18 UNF)
{other pressure connections available}
Material:
-wetted parts 1.4571 and 1.4542 stainless steel (316 ss and
PH17-4 ss)
{for other materials see WIKA diaphragm
seals}
-case 1.4301 stainless steel (304 ss)
-internal transmitting liquid silicone oil for piezoresistive sensors to 300
PSI, {halocarbon oil for oxygen service}, no
liquid fill used for thin film sensors > 400 PSI
Supply voltage UB DC Volts 10 - 30 (14




Output signal and maximum
load
4-20 mA 2-wire system RA[Ohm] < (UB [V] -
10V)/0.02A
{0-20 mA 3-wire system} RA[Ohm] < (UB
[V] -10V) / 0.02 A
{ 0-5 V 3-wire system } RA> 5 kOhm (min)
{0- 10 V 3-wire system } RA> 10 kOhm (min)
{other signal outputs available}
Response time (10...90%) Milliseconds<1




% of span <0.25% (B.F.S.L.) {0.125%}
'
(Calibrated in
vertical mounting position with process
connection down)
Repeatability % of span <0.05
Hysteresis <0.1
1 year stability % of span < 0.2 (under reference conditions)
Temperature
Media -22F to +212F (-30C to +100C) { -40F to
+257F(-40oCto+125C)}
Ambient -4F to +176F (-20C to +80C)
Storage -40F to +212F (-40C to +100C)
Compensated range +32F to +176F (0C to +80C)
Temperature error (reference
70F)
on zero point % of span < 0.2 per 18F (10C) change (< 0.4 per 18F
for ranges < 100 INWC)
on span < 0.2 per 18F (10C) change
CE conformity Interference emission per EN 50 081-1
(March 1993) and EN50 081-2 (March
94), Interference immunity per EN 50 082-2
(March 1995)
Shock resistance g 1000 per IEC 770 formechanical shock
Vibration resistance g 50 per IEC 770 for vibration under resonance
conditions
Electrical connection 4-pin L-plug per DIN 43 650 with solderless
screw terminal and PG 13 fitting
{4- pin L-plug with
1/2"
female conduit
opening, 5 foot vented flying lead, 4 or 6
pin MIL plug} {custom plug and cable
assemblies }
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Weight lb approximately 0.4 (0.2 Kg)
Dimensions see drawing
Electrical protection protected against reverse polarity, short
circuit, and over voltage
Environmental protection IP 65 (NEMA 5) with 4 pin L-plug, MIL
plugs
{IP 67 (NEMA 4) with 5 foot flying lead}
{IP 68 (NEMA 6) submersible with cable and
special case}
Notes: Items in curved brackets { } are available as special order options
1
improved accuracy available with pressure ranges > 100 INWC
To monitor the pump output pressure P4, a pressure gauge with the capability of
reading to 200psig is used. AWIKA ECO-Tronic pressure transducer with a range of
0-200psig and a 0-10V output was selected.
Figure 2.10 Picture of ECO_TRONIC pressure transducer
Description: ECO-TRONIC Pressure Transducer
Data Sheet: APE 81.20
Accuracy: +/-0.50% B.F.S.L.





Power Supply: 10-30 VDC
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Electrical Connection: DIN 43 650 with plug Connector (TP 65/NEMA 5)
Signal Output: 0-10V
In the mixer, a vacuum pressure gauge is used to measure the pressure.
The flow meter is used for solution flow rate measuring is FLOCAT C-OK45-DLC0-




Figure 2.11 Picture of turbine flow meter
i
The OK45-DL Series How Sensor uses the pelton wheel principle to measure the
water flow rate and other low viscosity liquids. Those sensors are available in brass or
stainless steel construction and offered with a choice of three output configurations.
The OK45-DL Series can be mounted in any orientation and do not require straight
piping at the inlet or outlet. In addition to the compact design, these features make
this sensor ideal for mounting in locations where space is tight.
Liquid passes through a nozzle at the inlet of the flow body and is accurately directed
onto a flat blade pelton turbine. The turbine wheel rotates at a speed that is
proportional to flow rate. The movement of the pelton wheel is detected optically. The
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signal from the optical sensor is processed as an amplified pulse or 4-20 mA signal
that are proportional to flow rate. The specifications are list in Table 2.10:











Pressure: 230 PSIG max





Output PNP open collector, 25 mAmax
Input Power 24 VDC 20%
4-20 mA Output:
Output 4-20 mA, 3-wire
Loop Load 500 ohms max
Input Power 24 VDC 20%
Compact Electronics:
Analog Output 4-20 mA 3-wire RL <500 ohms
37
Switch PNP open collector
300 mAmax, short circuit protected
Input Power 24 VDC 20%
Display 3-digit LED
We used FLOCAT C-LA10-C009-2 Delta P Meter to measure water flow rate from
the condenser.
Figure 2.12 Picture of delta flow meter
The LA10-C Series uses century-old principles of pressure and viscosity
to achieve
substantial turndown, accuracy and linearity. The
unique method of flow detection
allows LA10-C to measure extremely low flow rates from
0.5 milliliters per minute
full-scale to 10 liters full-scale, with standard turndowns of 100:1. Table 2.10
gives
the specifications of the flow meter.











































Air, Argon, Nitrogen, Oxygen, Hydrogen, Helium, Carbon
Dioxide, Methane, Propane, Carbon Monoxide, Ethane, Nitrous
Oxide, Neon**, Nitric Oxide
(Consult FloCat for additional media)
All the flow meters were calibrated before installing.
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2.6 DATAACQUISITION SYSTEM
In order to monitor the absorption refrigeration test stand, a data acquisition system
was developed. National
Instruments'
LabVIEW software was selected. LabVIEW is
a graphical development environment with built-in functionality for data acquisition,
instrument control, measurement analysis, and data presentation. The final view of
the display screen is shown as below:
BBS '" 5jgj
Figure 2.13 Picture of Labview data acquisition system
Hardware
The data acquisition board chosen is the National
Instruments'
PCI-6035
Multifunction DAQ board. The features are as following;
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1 . 200,000 samples per second
2. 16 x 16 bit analog input
3. NIST-traceable calibration certificate
4. NI-DAQ driver software to simplify integration with LabView software
This board is connected to a SCXI-1000 Expansion Chassis, which has four slots that
can accommodate multiplexer and signal conditioning cards.
Figure 2.14 Picture of expansion chassis
The sensors used on the test stand are thermocouples,
current- and voltage-output
flow meters, and current-output pressure transducers as
described in section 3.5.
To accommodate the variety of sensors, the




Figure 2.15 Picture ofmultiplexer board
This board can accommodate both voltage and current inputs along with the
following features;
1. 32 analog input channels, software-selectable gain settings
2. Programmable 4 Hz and 10 kHz lowpass filtering
3. 6.6 k Samples per second maximum sampling rate with 10 kHz filter
4. 3.0 Samples per second maximum sampling rate with 4 Hz filter
5. Programmable gain
6. 240,000 Samples per second maximum sampling rate at full bandwidth with
gain up to 100
7. 32 channels are multiplexed into a single software-programmable gain
instrumentation amplifier (PGIA)
On the front of these multiplexer boards resides the SCXI-1303 terminal block for
connecting instrumentation wiring to the
SCXI-1100.
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Figure 2.16 Picture of terminal block
The SCXI-1303 also includes isothermal construction that minimizes errors caused by
thermal gradients between terminals and the cold-junction sensor. Finally it includes
circuitry for open-thermocouple detection as well as automatic ground referencing for
floating (nongrounded) thermocouples.
The data collected from LABVLEW is saved as a text file. We can also choose the
interval time of each data point. Because the heat capacity of the system is very large,
we usually take data for several hours, and then use the average of the data to perform





3.1 EXPERIMENTAL RESULTSAND DISCUSSION OF RESULTS
Experiments were conducted under the different solution inlet temperatures and solution
flow rates, using two different nozzles. These conditions are shown in Table 3.1.









1 90 30 1.5
44%~50%
2 80 30 1.5
3 70 30 1.5
4 60 30 1.5
5 90 20 1.5
6 80 20 1.5
7 70 20 1.5
8 60 20 1.5
9 90 15 1.5
10 80 15 1.5
11 70 15 1.5
12 60 15 1.5
13 90 20 0.89
14 80 20 0.89
15 70 20 0.89
16 60 20 0.89
17 90 15 0.89
18 80 15 0.89
19 70 15 0.89
20 60 15 0.89
21 90 10 0.89
22 80 10 0.89
23 70 10 0.89
24 60 10 0.89
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Figure 3.1 Flow pattern in lower chamber
Because the system is composed of a lot of components and has a big thermal
capacity, the system needs to keep mnning continuously to reach a steady state. Four
readings (condensate flow rate, vapor temperature at generator outlet, solution
temperature at generator inlet and outlet) were checked to determine whether or not
the system reaches a steady state, because those readings will directly affect the
testing result and system evaluation.
As shown in Figures 3.2 and 3.3, the solution inlet temperature and evaporation flow
rate reach a steady state within 5 hours. Figures 3.4 and 3.6 show the solution
temperature and vapor temperature at the generator outlet changes within the first 5
hours, As shown in the figures that the temperature keep growing. Figure 3.5 and
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Figure 3.7 shows that the solution temperature and the vapor temperature reach a


















1000 2000 3000 4000
Time [1 unit = 3 second]
5000
Figure 3.2 Change of solution inlet temperature with time
(First 5 hours)
Figure 3.3 Change of evaporation flow rate with time
(First 5 hours)
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Figure 3.4 Change of solution outlet temperature with time
(First 5 hours)
3600 7200
Time [1 unit = 3 second]
10800
Figure 3.5 Change of solution outlet temperature with time
(After 26 hours)
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1000 2000 3000 4000 5000
Time [1 unit = 3 second]
Figure 3.6 Change of vapor temperature at generator outlet with time
(First 5 hours)
Figure 3.7 Change of vapor temperature at generator outlet with time
(After 26 hours)
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After the system reaches a steady state, Labview can take data for several hours and
average them as the final values corresponding to that test condition. All the data
precession was given inAppendix C.
Experimental results on the evaporation flow rate, evaporation ratio and solution
temperature will be discussed in the following sections.
Condensate flow rate is measure during the experiment; it is assumed that the
condensate flow rate is equal to the evaporation flow rate. The assumption here is all
the condensate is fully condensed in the condenser. Because the condenser is big
enough to condense all the water vapor generated in the generator, the assumption is
reasonable.
Big Nozzle (1.5mm)
Figure 3.8 shows the evaporation flow rate variation at different inlet temperatures
(60 C, 70C, 80C, and 90C) for the nozzle size 1.5mm. In Figure 3.8, it can be
seen that the evaporation flow rate increases as the solution inlet temperature
increases which can be explained by the fact that higher the temperature, the more
energy is put into the system. Because the higher solution inlet temperature improves
the evaporation in the generator, the more vapor released from solution. When the
solution inlet temperature increase, the temperature difference between the solution
inlet temperature and the saturated temperature corresponding to the inlet solution
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concentrate and pressure in the generator also increases. The larger the temperature
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Figure 3.8 Effect of solution inlet temperature on evaporation flow rate
(Nozzle size 1
.5mm)
From Figure 3.8, we can see that the evaporation flow rate is higher at higher solution
flow rates. This can be explained by the fact that the free surface area increase is
noticeable. In Figure 3.8, the rates of increase of the evaporation flow rate under the
different flow rates are almost the same. The solution inlet temperature has almost the
same effect on the condensate mass flow rate for the different solution flow rates.
Because the vortex motion is not very strong at this nozzle size and solution
flow rate,
the evaporation is not enhanced much in the generator. By checking the solution
temperature at the generator outlet, we can get proof.
It is assumed that at the generator inlet the solution is saturated.When the weak
solution enters the lower chamber, the pressure abruptly decreases to a very low level.
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As a consequence, the solution becomes superheated. Although there will be some
flashing when the solution enters the chamber, the flashing happens on the solution
interface and the speed of flashing is relatively small compare to the pressure
changes. The effect is not taken into account.













30 90 50.76 40.95 9.811
30 80 48.79 40.44 8.34
30 70 46.59 38.85 7.73
30 60 43.39 40.65 2.73
20 90 48.23 45.70 2.53
20 80 46.00 47.95 -1.95
20 70 44.29 37.22 7.06
20 60 41.48 39.70 1.78
15 90 44.93 47.58 -2.65
15 80 43.14 42.80 0.34
15 70 42.40 36.79 5.61
15 60 40.49 39.58 0.90
In Table 3.2, Tin is the measured solution temperature at the generator inlet. Tmeasured is
the measured solution temperature at the generator outlet. Tsat is the calculated
saturated solution temperature by using the pressure in the generator and
concentration of the solution at generator inlet.
As shown in Table 3.2, for the most cases the measured solution temperature at the
generator outlet is higher than the calculated saturated temperature at the
corresponding pressure and hthium bromide concentration - which means that the
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solution is superheated at the generator outlet. This demonstrates that if we use this
size nozzle the vortex created in the generator is not very strong. The solution inlet
temperature is the key factor in improving the evaporation in the generator for this
nozzle size and solution flow rate range. Figure 3.9 simply shows the free surface
changes while the solution flow rate increases.
In order to clarify the experimental result, we defined "free surface
factor"
(FSF) as
the ratio of the free surface area to the solution flow rate, which can be calculated by











Figure 3.9 Change of free surface area with solution flow rate
Figure 3.10 shows the effect of the solution inlet temperature on the evaporation ratio
for the nozzle size 1.5mm. Evaporation ratio is defined as the ratio of the vapor mass





Vapor Mass Flow Rate ._
-x
Evaporation Ratio = (3.2)
Solution Mass Flow Rate
As shown in Figure 3.10, the evaporation ratio increases proportionally to the inlet
temperature. For the same reason higher temperature improves the evaporation, under
the same solution flow rate the evaporation ratio increases while the solution inlet
temperature increases.
Figure 3.10 shows that the evaporation ratio increases as the inlet temperature is
increasing for the same solution flow rate. Because the vortex doesn't contribute
much on improving evaporation, the increasing rates of evaporation ratio are almost
the same for the different solution flow rates. It can be found that lower the solution
flow rate, the higher evaporation ratio. This can be explained by using FSF as the
factor. Higher flow rates can create larger free surface area in the generator. However,
rate of increase of surface area is small compared to rate increase of solution flow rate.
Therefore, as the solution flow rate increase, the FSF must be decreasing. This
deduction will impede the evaporation performance of the generator. As a result,
higher the flow rate, lower the evaporation ratio. Increasing the flow rate can boost
the pressure drop in the generator, according to the pressure drop calculation Equation
1.1 given in Chapter 1, and this will improve evaporation. Because of the bigger
diameter of the nozzle, the velocity in the generator is relatively low, the pressure
drop is not as large as the pressure drop, when we use smaller size nozzle. The
changes of free surface area have more effect on evaporation than changes of pressure
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Figure 3.11 Effect of solution flow rate on evaporation ratio
(Nozzle size 1.5mm)
In Figure 3.11, it shows the variation of evaporation ratio with different solution flow
rates. It can be seen from the figure that the evaporation ratio decreases as the flow
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rate increases. In addition, as the solution flow rate increases, the decreasing rate of
evaporation flow rate becomes smaller. As shown in Figure 3.11, as the solution flow
rate increases, the decreasing rate of the evaporation flow rate becomes smaller. This
is because as the solution flow rate becomes large, the inlet velocity increases so that
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Figure 3.12 Solution temperature at generator outlet
vs. solution inlet temperature
(Nozzle size 1.5mm)
Figure 3.12 shows the solution temperature at the generator outlet changing as the
solution inlet temperature changes. From the figure, it can be found that the generator
outlet temperature is higher when the solution inlet temperature is higher. This is
because the higher solution inlet temperature increases the temperature in the
generator. It can be also found that the solution outlet temperature increases when the
solution flow rate increases under the same solution inlet temperature.
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Small Nozzle (0.89mm)
Figure 3.13 shows the evaporation flow rate variation at different inlet temperatures
(60 C, 70 C, 80 C, and 90C) for nozzle size 0.89mm. It can be seen that the results
has almost the same pattern as in Figure 3.9, for the nozzle size 1.5mm. When the
solution temperature increases, the evaporation flow rate increases as well, for the
same the reason as before. The higher solution temperature helps to release more
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Figure 3.13 Effect of solution inlet temperature on evaporation flow rate
(Nozzle size 0.89mm)
It should be noted that, the increasing rate of condensate flow under the higher
solution flow rate is higher than that of lower solution flow rate. It is because when
the solution flow rate increase, the FAF decreases. As a consequence, for the same
solution flow rate, the solution temperature becomes the dominant factor to increase
the evaporation. That is, for the higher solution flow rate, the evaporation flow rate
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changes faster with solution inlet temperature increase.
It should be noted that, the rising rate of evaporation flow rate under the higher
solution flow rate is higher than that of the lower solution flow rate. This is because
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Figure 3.14 Effect of solution inlet temperature on evaporation ratio
(Nozzle size 0.89mm)
Figure 3.14 shows how different inlet temperatures (60 C, 70C, 80C and 90C)
affect the evaporation ratio when the nozzle size is 0.89mm. As seen from this figure,
the evaporation ratio increases when the solution inlet temperature increases.
Because the solution inlet velocity is at a relatively high value comparing to that of
the big nozzle (1.5mm), the pressure drop in the generator becomes another key
factor that affects the evaporation in the generator. From Figure 3.14, it can be found
that when solution flow rate increases from 10GPH to 15GPH, the evaporation ratios
change a little, whereas in Figure 3.11 the evaporation ratio decreases with the
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increasing of solution flow rate. This is because increasing the solution flow rate
increases the pressure drop by increasing velocity of the solution inlet. This
increasing pressure drop will improve the evaporation in the generator and trade off
the negative effects of the declining FSF. When the flow rate continuously increases
from 15GPH to 20GPH, the negative effect from the lessening FSF exceeds the
positive effect gained from the rising pressure drop in the generator. Consequently,
the evaporation performance will decrease, so we can see that the evaporation ratio
becomes smaller as the solution flow rate increases.
Two factors (FSF and pressure drop in the generator) affect the evaporation ratio in
the generator at the same time. When one of them improves the evaporation, the other
one will trade off the benefit obtained from the pervious effect.
The variation of the evaporation ratio under the different solution flow rates was
shown in Figure 3.15. The evaporation ratio decreases while the flow rate is
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Figure 3.16 Solution temperature at generator outlet
vs solution inlet temperature
(Nozzle size 0.89mm)
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Figure 3.16 shows that the solution temperature at the generator outlet changes under
different solution inlet temperatures. As shown, the outlet temperature increases as the
inlet solution temperature increases. For the same inlet temperature, the higher the
solution flow rate, the higher the oudet temperature.
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Figure 3.17 Evaporation ratio comparison for different nozzle size
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Figure 3.18 Evaporation ratio comparison for different nozzle size
(Solution Flow Rate 15GPH)
It can be seen that at the same solution flow rate and inlet temperature, the small
nozzle has the larger evaporation ratio than the big nozzle. Under the same solution
flow rate, using a small nozzle (0.89mm) could create a stronger vortex than the big
nozzle (1.5mm). The pressure drop in the generator, which is elevated according to
Equation 1.1, becomes larger. Under the higher solution flow rate; the solution has
created stronger vortex motion, which leads to the higher-pressure drop. Equation 1.1
shows that pressure drop is proportional to the square of the solution inlet velocity










where m is the solution flow rate, D is the diameter of nozzle. Substitute Equation 3.4
into Equation 3.3 we get:





We can see that under the same solution flow rate, the nozzle size has much more
influence on the pressure drop in the generator. When the nozzle size is 1.5mm, the
pressure drop in the generator is much less than that of small size nozzle (0.89mm).
Pressure drop in the generator when using the small nozzle is 8 times of the pressure
drop in the generator when the big nozzle is used. That's why when using small
nozzle, the generator has the higher evaporation ratio.
Also it can be demonstrated that the small nozzle can create the larger pressure drop
in the generator leading to augmented evaporation by checking the solution
temperature of the generator outlet of the small nozzle. As shown in Table 3.3,
Table 3.3Measured and calculated saturated temperatures at generator outlet
(Nozzle size 0.89mm)
Solution Flow Rate
[GPH] Tm[C] Ameasured I *-'I Tsa, [C]
Ameasured'1 sat
[C]
20 90 41.20 40.79 0.40
20 80 38.84 36.54 2.30
20 70 37.03 36.05 0.98
20 60 35.11 35.46 -0.35
15 90 37.95 41.70 -3.74
15 80 35.99 36.67 -0.67
15 70 35.41 36.48 -1.07
15 60 34.30 38.47 -4.16
10 90 34.66 37.56 -2.89
10 80 32.97 36.79 -3.82
10 70 34.82 36.46 -1.64
10 60 33.76 40.00 -6.24
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We can see that the solution at the generator outlet is sub-cooled, whereas for the
nozzle size 1.5mm, the solution at the generator outlet is superheated. Because the
larger pressure drop developed by the small nozzle, the solution releases much more
vapor and the vaporization occurs under a lower pressure on the interface. As a result,
the solution becomes sub-cooled from being superheated. This also demonstrates that
the vortex created by the inlet solution with the tangential velocity does enhance the
evaporation.
Based on the experimental result and discussion above, it is clear that three factors
affecting the evaporation in the generator.
The first factor is the solution inlet temperature. As the solution inlet temperature
increases, more vapor is released from the solution. Because the temperature is an
indicator of energy, for the same flow rate, the higher temperature means higher
energy input.
The second factor is the free surface area, which is the interface area of the liquid and
gas in the generator. This will affect the evaporation in the generator as well. Because
the evaporation occurs at the interface, the more free surface area is created, the more
vapor would be generated under the same surface pressure.
The third factor is the pressure drop, which is defined in the chapter one, in the
generator. The heated refrigerant-rich solution enters the lower chamber tangentially
through a nozzle and is accelerated, and this is due to the conservation of rotational
momentum. Because of the pressure reduction, the refrigerant-rich solution gives up the
63
refrigerant as vapor when the solution inlet temperature is the same. This is because the
lower pressure, the lower saturation temperature of the liquid. The larger pressure drop
it is in the generator, the more evaporation it should be.
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3.2 FIRSTAND SECOND LAWANALYSIS
In this section, we will evaluate the system by using the First and the Second law of
thermodynamics.
In the system, each component can be treated as a control volume with inlet and
outlet streams. In the system, mass conservation includes the conservation of solution
and conservation of lithium bromide. The equations ofmass conversation for a steady
state system is
ZH-2>L=0 (3-6)
Mass conservation of the lithium bromide equation is given as below
XHirXMM,=0 (3.7)
where m is the mass flow rate and x is the mass concentration of the lithium bromide
in the solution.
The First law analysis, known as energy method, is a well-established method used to
study the energy conversion process. The first law of thermodynamics readily yields
the energy balance of the absorption cycle.
IM -ZML +IE&. +ZgJ+w =o (3-8)
where the gin and Qout are the heat transferred in and out of the cycle, h is the
enthalpy, and W is positive ifwork is performed on the system.
In this analysis and discussion, the following assumptions were made:
1. Lithium bromide solution at the generator inlet and mixer outlet was
assumed to be in equilibrium status at the respective temperature and
concentration.
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2. Condensate (water) is fully evaporated in an evaporator.
3. Pressure losses due to the friction in the system are neglected.
4. Heat losses between the system and surroundings are negligible.
Energy Balance Calculation
The total mass balance in the generator is:
m14
=
m9 + m12 +mn (3 9)
where the m9, ml2, ml 3 andml4 are the mass flow rate at the corresponding point in
the system as shown in Figure 2. 1 .
The mass balance of the lithium bromide in the generator is:
m14xi4
= {ml4-m9)x13 (3.i0)
where xh and X13 are solution concentration at generator inlet and outlet, respectively.
Xh is measured manually. In every experimental run, some samples were taken from
the port at the outlet of solution pump. Because the pressure at the outlet of the
solution pump is higher than atmosphere pressure, air won't go into the system.
Measuring the weight and volume of sample, the density of the solution can be
calculated. The solution concentration can be obtained from the figure of LiBr
solution density at different temperature (given in Appendix D). Using Equation 3.10,
we can calculate X13.
The energy balance for the generator is:
m14/2]4
=
muhu + m9h9 (3.11)
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Because the mass of the evaporated vapor equals the condensed water mass, m9
equals m2oandthe equation above becomes
ml4hl4=mi3h13+m20h9 (3.12)
The enthalpy of the
LiBr- H2Osolution can be calculated in terms of the solution
temperature and concentration x by;





-2024.18588321 + 163 .2976010204x- 4.88 1268653 1
77x2
+ 6.30250843 x 10-V - 2.91350364
x10"4jc4
E2{x) = 18.2816227619 -1.169094163968;c + 3.24785672 xl0"V




where the temperature T is in C and x is in weight %.
VBA (Visual B program in Excel spreadsheet) calculation programs for all the fluid's
thermal and physical properties were written in excel spreadsheet. All the codes of the
programming and the correlations, which the calculations are based on, are given in
theAppendix E.
The calculation shows that almost all energy balance errors are less than
+ 10%,
which is acceptable for the experiments.
The First law analysis of the absorption system leads to computing a coefficient of
performance (COP), which is defined as the ratio of the useful energy obtained from







For an absorption cooling system, the useful energy output in Equation 3.14 is the
cooling capacity obtained from the evaporator, and the primary energy input is the
heat added to the generator. In our system, there is no evaporator, so we assume that
the entire refrigerant (water) coming from condensate is evaporated in the evaporator
at the temperature of 5C, which is the typical temperature for the cooling system.
The primary energy input is added through the plate heat exchanger.
Therefore, the cooling COP of the absorption system for our system in Figure 2.1 can
be expressed as




where m2o is the condensate mass flow rate and hfg is the latent heat of water at 5 C;
m2 is the solution mass flow rate; hi4 and h2 are the enthalpy of the LiBr-H20 at
solution pump outlet and generator inlet
respectively.
When calculating the enthalpy for point 14, the averaged
temperature at point 11 and
point 14 was used.
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Big Nozzle (1.5mm)
As shown in Figure 3.19, the COP changes under different solution flow rates. It can
be seen from the figure that the COP decreases while the flow rate increases. This
behavior may be explained by the same fact that evaporation ratio decreases as the
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Figure 3.19 Effect of solution flow rate on COP
(Nozzle size 1.5mm)
The COP at solution flow rate 15GPH and inlet temperature at 60 C is off the other
points. From the energy balance calculation,
which is given in Appendix F, it is found
that the energy balance error at
this point is 20%, so this point is regardless.
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Figure 3.20 shows the variation of the COP corresponding to the different solution
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Figure 3.20 Effect of solution inlet temperature on COP
(Nozzle size 1.5mm)
From Figure 3.20, it can be seen that the COP increases when the solution inlet
temperature increases. The increasing rate becomes smaller as the solution inlet
temperature is mcreasing.






The first term on the right side is actually the evaporation ratio. hn is the enthalpy of
the inlet solution. This is the function of the temperature and concentration. hoat is the
enthalpy of the outlet solution.
From Figure 3.11, as the solution flow rate increases, evaporation ratio is decreasing.
So the COP decreasing while the solution flow rate increases. When the solution inlet
temperature increases the evaporation ratio is increasing, so the COP becomes larger.
On the other hand, the increasing inlet temperature leads to increasing of the solution
enthalpy at inlet, which will make the denominator larger. So this will slow down the
COP increasing rate.
Small Nozzle (0.89mm)
Figure 3.21 shows the COP for the small nozzle at different solution inlet
temperatures. Comparing with Figure 3.20, we find that there is a significant
difference.
As shown in Figure 3.21, the values of COP are almost the same when the solution
flow rate is 10 GPH. When the solution flow rate is 15GPH, the COP increases as the
solution temperature increases. When the solution flow rate is 20GPH, the COP
increases as solution inlet temperature increasing, but the mounting rate becomes
smaller while the temperature increasing.
At the same inlet solution temperature, the evaporation ratio decreases as the solution
flow rate becomes larger, this will decrease the COP. Furthermore, From Figure 3.16,
it can be determined that the outlet solution temperature is increasing when the
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solution flow rate increases. As a consequence, the enthalpy of the outlet solution
becomes larger, and this will make the denominator of Equation 3.13-1 smaller and
make the COP larger. Two variables working together make the system's COP
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Figure 3.21 Effect of solution inlet temperature on COP
(Nozzle size 0.89mm)
For the same flow rate, as the inlet solution temperature increases, all the variables in
Equation 3.13-1 changes except hf%. Figure 3.22 shows how the enthalpy difference
(the denominator of Equation 3.13-1) changes, while the inlet solution temperature
increases. As shown in the Figure 3.22, the denominator becomes larger when the
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Figure 3.22 Effect of solution inlet temperature on enthalpy difference
(Nozzle size 0.89mm)
Although the COP changes become more complicate, for each solution flow rate the
trend for COP changes is the same. As the inlet solution temperature increases, the
COP increases, and the COP has a maximum value for each flow rate. This trend of
COP variation with the solution inlet temperature agrees with the research result of by
Shun-Fu Lee and S.A.Sherif [12] and K.A Joudi andA.H Lafta [13].
In Figure 3.21 and 3.22, two COPs of Trane and Broad's hot water absorption chillers




The First Law of thermodynamics states that the cyclic integral of the heat transfer is
equal to the cyclic integral of the work transfer. The First Law indicates that all forms
of energy are convertible to other energy forms. As the energy is converted, the effect
of irreversible processes, such as fluid pressure drop, is not shown in the First Law.
However, the Second Law puts limitations on energy conversion. For example, the
work can be completely converted to heat, but it is never possible to convert all
available heat to work. In the First Law, heat and work are both defined as energy,
which is convertible, whereas in the Second Law, heat and work interactions are
better understood when defined in terms of exergy. Exergy is defined as the maximum
useful work attainable from an energy carrier at a given state in any process that
brings the energy carrier into equilibrium with its environment [10]. Exergy always
deceases during real processes. The magnitude of the change in exergy is a measure
of irreversibility.
The Second Law analysis calculates the system performance based on exergy, which
always decreases because of thermodynamic irreversibility. Therefore, in an exergy
analysis the losses represent the real losses of work. The principle irreversibility in a
process leading to those losses are due to following factors:
Dissipation (frication): Mechanical fraction is an irreversible process in which
work is dissipated in a heating effect.
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Heat transfer under temperature difference: Heat transfer takes place from a
higher-temperature body to a lower-temperature body. It cannot reverse itself
without using external work. Heat transfer causes irreversibility, as no work is
done between the high temperatures and low-temperature. The larger
temperature difference it is, the larger the irreversibility.
Unrestricted expansion: Throttling and pressure drop is an adiabatic process,
and thus the fluid enthalpy is constant. The process is irreversible, as the flow
can't be reversed from the low pressure to the high-pressure state without
external work.
If two or more separate fluids are mixed, work or heat is necessary to separate
them.
The exergy content of substance is generally given by
y
= {h-hQ)-TQ(s-sQ) (3.14)
where the term ho and S0 are the enthalpy and entropy values of the fluid at the
environmental temperature T0, which ultimately forms the energy (heat) sink for all
irreversible process. However, in a binary mixture solution such as LiBr-H20 solution,
the concentration of the mixture must be taken into account for exergy calculation.
For a dead state defined as the environmental state at T0, the exergy of solution is
calculated by:
y/ = [h(T,X)-h0]-TQ[s{T>Xhso] (3-15)
Exergy losses for the steady-state process of each component in the system can be
expressed as:
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AEis the exergy loss or irreversibility that occurred in the process. The first two
terms on the right are the energy at the inlet and at the outlet streams of the control
volume. The third term and the fourth terms are the exergy associated with the heat
transferred from the source maintained at a temperature T, and sometimes are called
"equivalent
work."
The exergy of heat is equal to the work obtained by a Carnot
engine operating between T and To and is therefore equal to the maximum reversible
work that can be obtained from heat energy Q. The last term is the exergy of
mechanical work added to the control volume, and is usually negligible for
conventional absorption systems unless solution and refrigerant pumps are considered.
EXERGY EFFICffiNCY (COPEX)
The exergy method, known as second law analysis, calculates the exergy loss caused
by irreversibility. This is an important thermodynamic property since it measures the
useful work that can be produced by a heat source. The exergy change, AE for a




The right-hand side is the exergy of heat Q , which is transferred at the constant
temperature T . COPex is defined as the ratio of exergy input into the system AEg
including pumping exergy Wp (because work can be compeletly used,
the energyWp

















The above two values express the exergy loss at the evaporator and generator.
In our system calculation, To=Trt (room temperature), Te=5 , Tg=Ti4.
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Figure 3. 24 COPex vs solution inlet temperature
(Nozzle Size 1
.5mm)
The results show that the exergy efficiency decreases as the inlet temperature increases.
As the inlet temperature increases, the denominator of Equation 3.18 becomes larger so
the exergy efficiency becomes small. As shown in calcualtion result, the COPex is much
higher than that of the system which uses a higher temperature source. According to
exergy efficency analysis presented here, it is more thermodynamically efficient if the
absorption systems are operated using low-grade wasted heat rather than
high-
temperature heat sources. The same analysis result was reported by T.J. Kotas [11], when
he use exergy method to analysis refrigeration process.
Also as we can see, using a big nozzle (1.5mm) provides better exergy efficency than
using small nozzle size (0.89mm). Although the small nozzle can create more






This thesis study helped to verify the feasibility of a Dual Chamber Vortex Generator
(DCVG) for an absorption refrigeration system. Because of the intractable nature of
the vortex type fluid motion, the accuracy of this analysis might not be ideal.
However, this does not compromise the feasibility ofDCVQ as a generator.
From the experiments and the analysis, the following conclusions can be made:
1. The vortex generator can create a strong vortex. The lower pressure developed on
in the chamber helps the evaporation in the generator.
2. For suitable nozzle and flow rate, the vortex generator can provide a COP of 0.8
for current absorption chiller when using low temperature heat source.
3. Smaller the nozzle stronger the vortex motion, which enhances the COP.
4. The power consumption by solution pump is relatively small comparing to the heat
input and the system output (cooling effect). COP of enthalpy analysis shows that
the system is thermodynamically more efficient when absorption
system is using





Based on the result and experimental limitations, the recommendations are given as
following:
1. For a better understanding of the pressure drop inside the vortex generator in the
test stand, a pressure sensor should be placed inside the vortex generator.
2. The performance of vortex and vortex/conventional absorption refrigeration
systems is depended on various geometrical configurations of the vortex generator,
and the effect of such different geometrical configurations should be experimentally
verified.
3. The results for vortex absorption refrigeration system should be
verified
experimentally by developing a similar test stand.
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